In this article, we present a new paradigm for organometallic hybrid perovskite solar cell using NiO inorganic metal oxide nanocrystalline as p-type electrode material and realized the first mesoscopic NiO/perovskite/ [6,6]-phenyl C61-butyric acid methyl ester (PC 61 BM) heterojunction photovoltaic device. The photo-induced transient absorption spectroscopy results verified that the architecture is an effective p-type sensitized junction, which is the first inorganic p-type, metal oxide contact material for perovskite-based solar cell. Power conversion efficiency of 9.51% was achieved under AM 1.5 G illumination, which significantly surpassed the reported conventional p-type dye-sensitized solar cells. The replacement of the organic hole transport materials by a p-type metal oxide has the advantages to provide robust device architecture for further development of all-inorganic perovskite-based thin-film solar cells and tandem photovoltaics. . Until the breakthrough by the introduction of solid organic hole conductor to replace the liquid electrolyte, the new perovskite-type solar cells achieved remarkable efficiency and attracted enormous attention 3,4 . Since then, massive research works using various contact materials and device configurations, evolved from dye-sensitized solar cells (DSCs) with mesocsopic or super-mesoscopic structure and extreme thin absorber (ETA) structure, to organic photovoltaics (OPVs) with a planar heterojunction (PHJ), have emerged during the past few years [5] [6] [7] [8] [9] [10] . Recent progresses with 15% power conversion efficiency (PCE) in either a mesoscopic or a PHJ have demonstrated that this organic-inorganic hybrid perovskite material is one of the most promising candidates for cost effective solar absorber in the future [11] [12] [13] . Efficiency exceeding 20% might be realized by further optimization through fill factor improvement and tandem architecture with multiple solar cells 6, 14 . The beauty of perovskite material is the diversity in its device architectures due to the distinct material properties such as broad absorption spectra range with high extinction coefficient, ambipolar diffusion, and long carrier diffusion length [15] [16] [17] . These merits allow the organic-inorganic hybrid perovskite being a light absorber superior to those of the solution-based photovoltaic such as DSCs, OPVs or other thin-film photovoltaics.
In this article, we present a new paradigm for organometallic hybrid perovskite solar cell using NiO inorganic metal oxide nanocrystalline as p-type electrode material and realized the first mesoscopic NiO/perovskite/ [6, 6] -phenyl C61-butyric acid methyl ester (PC 61 BM) heterojunction photovoltaic device. The photo-induced transient absorption spectroscopy results verified that the architecture is an effective p-type sensitized junction, which is the first inorganic p-type, metal oxide contact material for perovskite-based solar cell. Power conversion efficiency of 9.51% was achieved under AM 1.5 G illumination, which significantly surpassed the reported conventional p-type dye-sensitized solar cells. The replacement of the organic hole transport materials by a p-type metal oxide has the advantages to provide robust device architecture for further development of all-inorganic perovskite-based thin-film solar cells and tandem photovoltaics.
O rganometallic perovskite materials have been studied intensively since the pioneer work delivered by Kojima et al. which demonstrated that the organic-inorganic hybrid perovskite behaved like a light harvester 1 . Successive report by Park's group showed improved performance based on the similar liquid dye-solar-cell like device 2 . Until the breakthrough by the introduction of solid organic hole conductor to replace the liquid electrolyte, the new perovskite-type solar cells achieved remarkable efficiency and attracted enormous attention 3, 4 . Since then, massive research works using various contact materials and device configurations, evolved from dye-sensitized solar cells (DSCs) with mesocsopic or super-mesoscopic structure and extreme thin absorber (ETA) structure, to organic photovoltaics (OPVs) with a planar heterojunction (PHJ), have emerged during the past few years [5] [6] [7] [8] [9] [10] . Recent progresses with 15% power conversion efficiency (PCE) in either a mesoscopic or a PHJ have demonstrated that this organic-inorganic hybrid perovskite material is one of the most promising candidates for cost effective solar absorber in the future [11] [12] [13] . Efficiency exceeding 20% might be realized by further optimization through fill factor improvement and tandem architecture with multiple solar cells 6, 14 . The beauty of perovskite material is the diversity in its device architectures due to the distinct material properties such as broad absorption spectra range with high extinction coefficient, ambipolar diffusion, and long carrier diffusion length [15] [16] [17] . These merits allow the organic-inorganic hybrid perovskite being a light absorber superior to those of the solution-based photovoltaic such as DSCs, OPVs or other thin-film photovoltaics.
In addition, the voltage output of perovskite-based solar cells is relatively high among the other solutionprocessed photovoltaics mainly due to the minimized intrinsic potential losses that are inevitable for interfacial charge transfer in DSCs and the cost of exciton dissociation energy in OPVs. Open-circuit voltage (V oc ) more than 1 volt, which is close to the inherent thermodynamic limit, has been demonstrated in many reports 8, 12, 13, 18, 19 . Currently the most successful device configuration is the junction (either mesoscopic or PHJ) with a n-type metal oxide/perovskite/hole transport materials (HTMs) where the metal oxide layer and the organic HTM act as selective contacts to facilitate charge extraction [11] [12] [13] 20, 21 . Another inverse structure, using non-oxide n-type material as electron acceptor composed of poly (3,4-ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS)/perovskite/fullerene planar junction, has been demonstrated with great success and remarkable conversion efficiency recently [7] [8] [9] 22 . This OPV-like sandwich bilyaer junction structure has great potential for low temperature process and flexible devices 8, 13, 22 . A basic photovoltaic device is the sandwich of light absorbing materials between effective selective contacts. For perovskite absorber, the most commonly used n-contacts are TiO 2 3, 11, 12, [23] [24] [25] [26] , ZnO 13, 19, 27 , fullerene derivatives 7-9 while the successful p-contacts are mostly organic materials such as 2,29, 7,79-tetrakis(N,N-di-p-methoxyphenylamino)-9,99-spirobifluorene (Spiro-OMeTAD) or other hole transporting materials (like poly-3-hexylthiophene (P3HT) or poly-triarylamine derivative) 18, 22, [28] [29] [30] [31] [32] [33] . Recently, perovskite-based cell using CuI inorganic p-type semiconductor as hole transport layer delivered 6% efficiency has been reported 34 . Mainly due to the unfavorable energy level match between the valence band of CuI and perovskite, the voltage was considerably reduced compared to most of the highly efficient perovskite solar cells. However, this research highlighted the direction to develop all-inorganic materials for perovskite-based photovoltaic devices.
NiO has been one of the rarely successful candidates as p-type contact material for OPVs and DSCs [35] [36] [37] [38] [39] [40] [41] [42] . Since organometallic perovskite has showed amibipoar charge transport behavior, sensitization of p-type wide band gap oxide shall be a feasible approach as the conventional n-type sensitization concept. Thus, we constructed the heterojunction solar cells with a p-i-n active layer composed of the mesoscopic NiO/peroskite/ [6, 6] -phenyl C61-butyric acid methyl ester (PC 61 BM) structure. In this report, we realized a highly efficient (9.51%) mesoscopic NiO/perovskite junction where the p-contact is replaced with mesoscopic inorganic metal oxide material to feature efficient charge separation in the NiO/perovskite interface. The success of efficient p-type sensitization or heterojunction solar cells is critical for the future design of tandem devices or p-n dual-sensitization configuration in the future 36 . The details for the experimental procedures are described in the Methods section. The images of devices after NiO x thin film, NiO nanocrystalline (NiO nc ) and perovskite deposition are illustrated in Fig. 1(a) . The substrate coated with NiO x /NiO nc remained optically transparent with certain absorption in the range of 400 , 450 nm (See Supplementary Fig. 1S for transmission spectra). After the perovskite is deployed into the mesoscopic electrode, the device turned dark brown as shown in the right photo on Fig. 1(a) . The full device structure is shown in Fig. 1(b) with the energy level of the each material illustrated in Fig. 1(c) . The energy level of NiO x was taken from our previous study which the valance band was determined by ultraviolet photoelectron spectroscopy (UPS) 43 . The energy level for the NiO nanoparticle was given from the literature reported by Powar et al. where the valence band edge of NiO was measured using photoelectron spectroscopy in air (PESA) 37 . The ideal energy levels of the lowest unoccupied molecular orbital (LUMO) of PC 61 BM and valence band edge of NiO are located in the vicinity of the band edges of perovskite. This arrangement is appropriate for receiving high voltage with minimum loss providing the charge separation process between the absorber and selective contacts is efficient. The scanning electron microscopy (SEM) images of the corresponding illustrations in Fig. 1 (a) are shown in Fig. 2 . The NiO x thin film is very compact without pinholes or crevices as seen in Fig. 2(a) . In Fig. 2(b) , the NiO nanocrystalline showed feature sizes around few tenths of nanometers. Some aggregates above 100 nm are observed due to incomplete dispersion. We perceived Fig. 2 (c) the filling of perovskite nanocrystals on the mesoscopic porous NiO nc network after sequential deposition of PbI 2 and CH 3 NH 3 I with relative conformal coating leaving some small pores between the particles. It seems that no thick perovskite overlayer is formed on top of the NiO nc porous film, which suggests the role of PC 61 BM and bathocuproine (BCP) coating is critical for making good contact with the subsequent metal electrode. The cross sectional SEM image of the full device is presented in Fig. 2(d) showing the active mesoscopic NiO nc /perovskite layer is around 250 nm.
The current-voltage characteristics are presented in Fig. 3 (a) with their corresponding incident photon to electron conversion efficiency (IPCE) in Fig. 3 (b) and photovoltaic parameters listed in Table 1 . The best-performing cell using PC 61 BM delivered high V oc of 1040 mV with short-circuit photocurrent density (J sc ) of 13.24 mA/cm 2 and 69% fill factor, leading to an overall PCE of 9.51%. Another device using [6, 6] -phenyl C71-butyric acid methyl ester (PC 71 BM) obtained very similar photovoltaic performance with V oc of 1000 mV, J sc of 14.65 mA/cm 2 and fill factor of 64%, resulted in an overall PCE of 9.44%. The effects of these two fullerene derivatives on their photovoltaic performances are very similar to what previously reported in OPV, which the device composed of PC 71 BM acceptor has slightly blue-shifted IPCE with lower voltage and higher current characteristics [44] [45] [46] [47] . Whether the absorption of PC 71 BM between 400 , 600 nm has contribution to the photocurrent remained unclear and further investigations are in progress to understand this phenomenon. However, the thickness of the PC 61 BM or PC 71 BM layer was extremely thin (20 , 25 nm) in our device so that the differences in current response is relatively minor compared to those of OPVs. The cut-off of the IPCE below 450 nm is due to the absorption of NiO x /NiO nc which filtered the transmission of incident light 35 . Transmission of indium tin oxide (ITO glass) coated with NiO x /NiO nc is given in supplemental information (Fig. S1 ). The high V oc received from the junction demonstrated the advantage of energy level alignment between light absorber and the selective contacts. This extraordinary voltage output is a distinct characteristic for all the highly efficient perovskite-based photovoltaic devices [11] [12] [13] 22 . The energy loss in charge extraction is minimized by using PC 61 BM whose LUMO is nearly identical with the conduction band edge of perovskite while the NiO nc valance band is close to that of perovskite.
To elucidate the effect of the mesoscopic structure, a flat electrode of oxide ITO/NiO x (without the NiO nanocrystalline layer) was applied for comparison. The flat junction cell delivered PCE of 7.40% (green line in Fig. 3 (a) ) which is consistent with our previous report on the PHJ perovskite/fullerene solar cells 43 . The implement of mesoscopic NiO layer provided an increased film thickness to host the light absorbing perovskite material and prevented the risk of morphological defect that deteriorate the photovoltaic function. The improved photovoltaic performances of the mesoscopic devices are obvious and mainly due to the slightly increased current and voltage with respect to the PHJ cell. We attributed this phenomenon to the better morphological formation of perovskite in mesoscopic electrode compared with that of NiO x . In our previous work, we have found that the V oc for the PHJ devices is influenced by the work function of electrode interlayer, the spin speed of perovskite coating and surface morphology 43 . The SEM images of perovskite coated with various deposition conditions on the planar NiO x are available in literature 43 . One image of the perovskite thin film spin coated with 9500 rpm on NiO x for the PHJ device applied in this article is presented in Figure S2 . Some small voids are presented on the surface which could impair the photovoltaic performance (mainly V oc ) due to internal shunt between the selective contact thin film in the PHJ device. When a mesoscopic electrode is applied as charge (hole) collector, it is expected that the sequential deposition method provides better filling of perovskite into the nano-porous pore and more conformal surface coverage on the NiO nc surface which prevent direct contact between the n-contact layer (PCBM) with the p-contact materials (NiO nc or NiO x ) This thin overlayer capping of perovskite on the NiO nc is advantageous for the voltage. Another difference between mesoscopic and PHJ devices is the amount of perovskite loading on the substrate ending up with more light harvesting efficiency (LHE) in the mesoscopic junction device than for the PHJ device. The measured absorbance and calculated LHE (LHE51-10 2A ) are presented in Fig. 3 (c) where we find a nearly saturated LHE for the layer of perovskite coated on the mesoscopic NiO nc thin film. The transmission loss is not significant in the PHJ device without the presence of NO nc layer as we can observe from the IPCE in Fig. 3(b) where the quantum conversion efficiency at the short wavelength region (400 , 500 nm) remained high. The IPCE of the PHJ device basically follows the LHE curve shown in Fig. 3(c) . On the other hand, the mesoscopic device received enhanced IPCE on the long wavelength due to the improved optical density from perovskite loading. In the actual device, the reflection of the back electrode (Al in this case) has to be taken into account for the optical process in the photoactive layer. For both the PHJ and the mesoscopic devices, the transmitted flux in the red part will be scattered back into the absorber thus resulted in an increased optical path and improved IPCE. This is the reason that the IPCE of PHJ is higher than the LHE in the long wavelength region. Meanwhile, we do observe an increased IPCE response in the red part for the mesoscopic cells compared with the PHJ cells 7, 43 . From the LHE in Fig. 3(c) and the cross sectional SEM image shown in Fig. 2(d) , the mesoscopic junction is about 250 nm which is thick enough to absorb 90% of the incident light. The IPCE of these two devices seem to be lower than the state-of-the-art devices. We believe that there are still some charge collection losses in the NiO/perovskite mesoscopic junction. The fill factor of 64 , 69% has not yet reached an optimized value. Further improvements on the material quality of NiO with better crystallinity, smaller particle size and well-dispersed mesoporous nanostructure are expected to promote the overall photovoltaic performance (especially the current) of this p-type oxide/perovskite heterojunction device. Using chloride-containing perovskite (CH 3 NH 3 PbI 3-x Cl x ) that has been reported with longer carrier diffusion length might be another approach to achieve higher efficiency 15 . Concerning the reproducibility for this type of device, statistic histogram on the photovoltaic parameters for 62 devices are summarized in supplemental information Fig. S3 .
The key question for this newly developed NiO/perovskite junction is whether the holes in the photoexcited perovskite transfer into the NiO particles or the mesoscopic network only acts as a scaffold like the Al 2 O 3 meso-superstructured solar cell 4 . Our previous photoluminescence (PL) spectra results demonstrated that NiO x is capable of quenching the PL of perovskite 43 . To scrutinize the quenching process of perovskite by NiO nc , the PL spectrum of NiO nc /perovskite thin film used in the current study is shown in Fig. 4(a) in comparison with a reference of mesoscopic Al 2 O 3 nanoparticles (Al 2 O 3(nc) )/ perovskite thin film. We observed strong quenching prevailed with the NiO nc /perovskite sample, which implied charge transfer occurred at the NiO nc /perovskite interface. PL has been applied to examine the quenching of the perovskite in junction with various contact materials 8 . Recent results on quenching of PL in the composite perovskite films showed that PCBM is a very efficient n-type quencher while Spiro-OMeTAD, PEDOT:PSS, V 2 O 5 , NiO and P3HT are efficient p-type counterparts 8, 28 . The NiO/perovskite film was observed with a very high yield (95%) of PL quenching but a well-performed device was not developed due to poor surface coverage and morphological control for the formation of uniform perovskite layer on NiO x film 8 . Our approach of using a mesoscopic NiO nc layer provided a mesoporous matrix for sufficient loading of the perovskite material and lowered the demand for control of morphology as for the PHJ. To further confirm the carrier separation phenomenon, we performed the photo-induced transient absorption (PIA) measurement to examine the signature of long-lived charge separation species between various junctions. PIA spectra of the samples containing film configurations of G/P, G/Al 2 O 3 /P, G/NiO/ P and G/NiO/P/PC 61 BM (G stands for glass and P for perovskite) were carried out in the spectral range between 600 , 1500 nm at the excitation wavelength of 460 nm, and the results are shown in Fig. 4(b) . The PIA spectra of the G/P (brown) and G/Al 2 O 3 /P (purple) films show only the negative signals in the spectral region below 800 nm representing the characteristics of the absorption and emission of the perovskite species. In contrast, the PIA spectra of the G/ NiO/P (blue for NiO x /NiO nc and green for NiO x substrate) film show a broad spectral feature above 800 nm which we assigned to the longlived charge-separation state of NiO
The PIA signal in the NiO x /NiO (nc) film was much greater than that in the NiO x /P film indicating that the NiO 1 species was produced in a larger extent for the former than for the latter. The oxidized NiO species has been observed in the electrochemical spectrum of nanostructured NiO featuring a broad range of absorption in the infrared region which corresponds to our PIA feature 48 . For the G/NiO/P/PC 61 BM (red) film containing the electron-accepting layer, the PIA spectrum was quite similar to that of G/NiO/P film in the spectral range 900 , 1500 nm. Since PCBM has been verified to be an effective electron acceptor in perovskite/PCBM junction 8, 9, 15, 16, 22, 49, 50 , the above evidence confirms that the observed broad absorption band is mainly due to the formation of the NiO 1 cationic species upon photo excitation of the perovskite/NiO film at 460 nm. The PIA results revealed that the charge separation at the interface between perovskite and NiO is viable so that the resulting perovskite in our device is sandwiched between two efficient selective contacts that facilitate charge extraction featuring very high V OC and great device performance. Further investigations on ultrafast relaxation and carrier dynamics in the NiO/perovskite interface are underway to understand the underlying charge transport kinetics governing the operation of this type of solar cells.
Many efforts have been contributed to improve the device performance for p-type sensitized solar cells. The state-of-the-art p-type DSCs delivered less than 1.5% PCE 37, 38, 40 . The reasons for this much lower photovoltaic action compared with its n-type sensitization counterpart have been ascribed to the fast recombination, short hole diffusion length in p-type semiconductor and unfavorable redox energy levels of electrolyte with respect to the p-type metal oxide valence band 40, 51 . The performance of the solar device described in this article greatly outperformed the conventional p-type sensitized solar cells or other p-type oxide semiconductor heterojunction solar cells. The success of such highly efficient p-type metal oxide heterojunction solar cells is vital for the future development of fully inorganic perovskite-based solar cells as well as the tandem devices.
Our results strongly confirmed the functionality of p-type NiO metal oxide acting as a selective contact is feasible. The future perspective is to integrate n-type contact material for the construction of a fully inorganic p-i-n heterojunction solar cell with perovskite absorber sandwiched between two wide band gap oxide semiconductors. This offers a configuration of superior thin film (or super mesoscopic) photovoltaic device using robust and extreme thin photoactive material. Additionally, our device provided a base for the tandem architecture or p-n dual sensitization photovoltaic. It would be crucial to explore low temperature process for metal oxide deposition and to introduce interconnection transparent connection layer for tandem cells. These topics are currently the subjects of research focuses in our group.
In conclusion, a methylammonium lead iodide (CH 3 NH 3 PbI 3 ) perovskite/NiO heterojunction solar cell is developed to achieve remarkable efficiency of 9.51% of power conversion efficiency. This is the first demonstration of a p-type mesoscopic metal oxide as an efficient hole collecting contact. The success of this heterojunction will provide varieties for cell design and the realization of fully inorganic mesoscopic solar cells since the organic p-contact widely used in the past can now be replaced by the robust wide band gap metal oxide reported herein. It is expected that the device stability could be improved significantly with the application of metal oxide selective contact materials. We believe that further efforts can be made on the material optimization and judicious selection of contact materials, and robust device or tandem configuration could be achieved for perovskite-based solar cells. Fabrication of CH 3 NH 3 I. CH 3 NH 3 I was synthesized as our previous literature. Methylamine (CH 3 NH 2 ) (13.5 mL, 40 wt% in aqueous solution, Alfa Aesar) and hydroiodic acid (HI) (15.0 mL, 57 wt% in water, Alfa Aesar) were stirred at 0uC under nitrogen atmosphere for 2 h. After the reaction, the solvent of the solution was evaporated using a rotary evaporator. A white powder, methyl ammonium iodide (CH 3 NH 3 I), was generated by the reaction. The precipitate was washed with diethyl ether (Sigma-Aldrich) three times and dried at 60uC in a vacuum oven overnight 1, 3, 7, 25 .
Methods
Device fabrication. The device fabrication was similar to our previous published procedure 7, 43 . Patterned ITO-coated glass substrates (Ritek Corp., 15 V/sq.) are ultrasonically cleaned with soap water, deionized water and ethanol. Then, the substrates are rinsed with 2-propanol and Acetone, followed by UV-Ozone cleaner (Model: 42, Jelight, USA) treatment for 25 minutes. NiO x electrode-interlayer, using solution synthesized as described previously, was spun-cast onto the substrates at 4000 rpm for 90 s using spin-coater, and then annealed at 300uC for 1 hour. After NiO x film was cooled to room temperature, the substrates are spin-coated with NiO (nc) at 4000 rpm for 30 seconds. After being annealed at 400uC for 30 minutes, the resulting films will form mesoporous NiO film. CH 3 NH 3 PbI 3 is deposited on NiO x by one step spin coating 43 (9500 rpm for PHJ device) or sequential deposition method on mesoporous NiO nc film (mesoscopic devices) with procedures referred to reported literature 11 . In order to have PbI 2 solution (1 M in N,N-dimethylformamide) uniformly deposited well in the mesoscopic pore, the substrates are preheated at 70uC prior to the deposition of PbI 2 . PbI 2 solution is spun onto the mesoporous NiO nc film at 6500 rpm for 5 seconds, followed by annealing at 70uC for 30 minutes. After cooling to room temperature, the resulting films are immersed into 2-propanol to pre-wet the substrates and then dipped into a solution of CH 3 NH 3 I (10 mg/ml in 2-propanol) for 40 seconds at room temperature, and then annealed at 70uC for 30 minutes. The color of the resulting films becomes dark brown from bright yellow. PC 61 BM or PC 71 BM (20 , 25 nm) (. 99%, Solenne, Netherlands), BCP (10 nm) (Aldrich), and Al (100 nm) were thermally deposited on the substrate inside a vacuum chamber (10 26 Torr). The deposition thickness was monitored by the quartz crystal balance. The active area of the device is 0.06 cm 2 . All the procedures are implemented inside a nitrogen-filled glove box with oxygen and moisture levels , 1 ppm except for fabrication of NiO x electrode-interlayer and mesoporous NiO nc film.
Absorbance and Light Harvesting Efficiency (LHE). The UV-vis spectra were measured by a spectrometer (U-4100, Hitachi). The samples for the optical characterization of perovskite are deposited on ITO/NiO x (spin coated at 9500 rpm) and ITO/NiO x /NiO nc (sequential deposition) substrates for planar and mesoscopic thin film respectively. The substrates are taken as baseline for the measurements.
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Photoluminescence spectroscopy. Room-temperature micro-photoluminescence measurements were performed using the He-Cd laser at 325 nm with optical power of 7 mW. A NUV 403 objective lens was used for the collection of the pump light and the emitted light from the sample. The emission was dispersed by a 0.32 m focal length spectrometer with 1800 grooves/mm and detected by Liquid N2-cooled charged couple device (CCD) detector.
Photo-induced transient absorption. Excitation of the thin-film samples was achieved by a cw laser at 460 nm and modulated with a chopper (Thorlab, MC2000) at 19 Hz. The light source of the absorption spectra was provided by a Xenon lamp (PTi A-1010, 150 W) coupled with a monochromator (Acton Research Corporation, SpectraPro-300i). The PIA signals were obtained with a lock-in amplifier (Stanford Research System, SR830) via two detectors -Si photodiode (Thorlab, DET100) in the visible/NIR region (600-900 nm) and Ge detector (Thorlab, DET50B) in the NIR region (800-1500 nm). All the PIA measurements were performed right after the samples were prepared.
